Myosins use a conserved structural mechanism to convert the energy from ATP hydrolysis into a large swing of the force-generating lever arm. The precise timing of the lever arm movement with respect to the steps in the actomyosin ATPase cycle has not been determined. We have developed a FRET system in myosin V that uses three donor-acceptor pairs to examine the kinetics of lever arm swing during the recovery and power stroke phases of the ATPase cycle. During the recovery stroke the lever arm swing is tightly coupled to priming the active site for ATP hydrolysis. The lever arm swing during the power stroke occurs in two steps, a fast step that occurs before phosphate release and a slow step that occurs before ADP release. Time-resolved FRET demonstrates a 20-Å change in distance between the pre-and postpower stroke states and shows that the lever arm is more dynamic in the postpower stroke state. Our results suggest myosin binding to actin in the ADP.Pi complex triggers a rapid power stroke that gates the release of phosphate, whereas a second slower power stroke may be important for mediating strain sensitivity.
Myosins use a conserved structural mechanism to convert the energy from ATP hydrolysis into a large swing of the force-generating lever arm. The precise timing of the lever arm movement with respect to the steps in the actomyosin ATPase cycle has not been determined. We have developed a FRET system in myosin V that uses three donor-acceptor pairs to examine the kinetics of lever arm swing during the recovery and power stroke phases of the ATPase cycle. During the recovery stroke the lever arm swing is tightly coupled to priming the active site for ATP hydrolysis. The lever arm swing during the power stroke occurs in two steps, a fast step that occurs before phosphate release and a slow step that occurs before ADP release. Time-resolved FRET demonstrates a 20-Å change in distance between the pre-and postpower stroke states and shows that the lever arm is more dynamic in the postpower stroke state. Our results suggest myosin binding to actin in the ADP.Pi complex triggers a rapid power stroke that gates the release of phosphate, whereas a second slower power stroke may be important for mediating strain sensitivity.
myosin | actin | FRET | force generation | kinetics M yosins are molecular machines that use the energy from ATP hydrolysis to generate force and motion through a cyclic interaction with actin filaments. Actomyosin-based force generation is used to drive muscle contraction, organelle transport, cytokinesis, membrane tension generation, and numerous biological tasks (1) . Most myosins display a conserved structural fold and ATPase mechanism, suggesting the mechanism of energy transduction is similar in the myosin superfamily. A long α-helix which extends from the motor core binds a variable number of light chains and is referred to as the "lever arm" (2) . A relative sliding motion of myosin (thick) and actin (thin) filaments in muscle forms the basis of the cross-bridge hypothesis which provides a more general view of the mechanism of muscle contraction (3) . The swinging lever arm hypothesis provides a more molecular basis of muscle contraction. In this hypothesis, the lever arm swing is associated with the actin-activated product release steps, in turn leading to force generation by the attached cross-bridge (4) . However, the precise timing of the lever arm swing and product release steps has remained a central question since early studies of actomyosin (5) .
Scheme I represents a simplified actomyosin ATPase cycle that can be used to describe the kinetics of key steps in the catalytic cycle (5, 6) . The weak actin-binding states of myosin are indicated in bold, and the actin-bound biochemical transitions are indicated by equilibrium constants with a prime. ATP binding to myosin occurs in two steps, an initial collision complex (K′ 1 ) followed by a structural change that is associated with a weak actin-binding conformation (open actin-binding cleft) and high affinity for ATP (closed nucleotide-binding pocket) (K′ 2 ). The movement of the lever arm into the prepower stroke state is thought to occur during one of the ATP-binding steps and before ATP hydrolysis. The ATP hydrolysis step (K 3 ) occurs while myosin remains in a weak actin-binding conformation. When myosin binds to actin with the hydrolyzed products in the active site, there is a dramatic acceleration of the product release steps, first phosphate (Pi) (K′ 4 ) and then ADP (K′ 5 ). It is during the actin-activated product release steps that the lever shifts from a pre-to a postpower stroke state and force generation occurs. In addition, myosin shifts from a weak to a strong actin-binding conformation as a result of actin-induced closure of the actinbinding cleft. Thus, to determine the structural mechanism of actomyosin-based force generation, it is crucial to design a method of measuring the position of the lever arm during the formation of the prepower stroke state (recovery stroke) as well as during the transition from the pre-to postpower stroke states (power stroke).
In the current study we engineered myosin V (MV), a motor that is well characterized both kinetically and structurally, to contain three site-specific donor-acceptor pairs that allowed us to measure the lever arm swing directly by FRET. We provide direct evidence that the lever arm swings into the prepower stroke state (recovery stroke) when the active site is primed for ATP hydrolysis. The force-generating swing (the power stroke) Scheme 1. The actomyosin ATPase cycle.
Significance
Myosins interact with actin filaments and convert the chemical energy from ATP hydrolysis into mechanical work. The swinging lever arm hypothesis describes the molecular mechanism of actomyosin-based force generation that is essential for cell motility, muscle contraction, and cell division. In this model the light chain-binding region of myosin undergoes a major conformational change, which drives force generation. However, the temporal kinetics of structural changes in the lever arm in relation to the product release steps of the catalytic cycle are not well established. By using a FRET-based strategy, we demonstrate the lever arm swing occurs in two steps, a rapid step prior to phosphate release and a slower step prior to ADP release. occurs in two steps, with the first, fast step occurring before phosphate release. The slower power stroke step occurs before ADP release which is hypothesized to be a strain-sensitive step in the catalytic cycle of MV. Our work provides crucial insights into the structural details of lever arm swing in relation to the different steps in the catalytic cycle of myosin motors.
Results
Site-Specific Fluorescent Labeling. We have generated three constructs to determine the precise timing and kinetics of the lever arm swing. All three have a MV motor domain followed by a single IQ motif with an N-terminal tetracysteine site (referred to as "MV" throughout) that binds FlAsH, a bis-arscenical, fluorescein-based dye (MV-F) (Fig. 1) . In one construct, calmodulin (CaM) containing a single cysteine at the N terminus (T5) was labeled with (2-(4'-(iodoacetamido)anilino)Naphthalene-6-sulfonic acid (IAANS) and exchanged onto MV (MV-F.IAANS). In another construct, CaM containing a single cysteine at the C terminus (T110) was labeled with the nonfluorescent acceptor QSY-9 and exchanged onto MV (MV-F.QSY). We also measured the recovery and power stroke with a construct that had QSY-labeled CaM at the T5C position (MV-F.QSY N ) (SI Appendix, Fig. S3 ). The labeling efficiency of FlAsH at the N-terminal site was nearly 100%, whereas that of IAANS was 67% at T5C and that of QSY was 75% at T110C and 82% at T5C. The efficiency of CaM exchange was nearly 100%. FlAsH was either excited directly (488 nm, FlAsH-QSY pair) or by FRET (365 nm, IAANS-FlAsH pair), and emitted fluorescence was measured with a 515-nm long-pass filter in the stopped-flow. The donor-acceptor pairs allowed us to examine the mechanism of lever arm swing during the formation of the preand postpower stroke states.
Functional Assays of Labeled MV. The maximum rate of actin-activated ATPase (k cat ) was similar for unlabeled and CaM-exchanged MV constructs and was slightly reduced (20-30%) for the FlAsHlabeled constructs (SI Appendix, Fig. S1 and Table S1 ). The actin dependence of the ATPase activity (K ATPase ) was unchanged by labeling in all constructs. The in vitro motility rates were similar in each construct (labeled and unlabeled; SI Appendix, Table S1 ) and were similar to values reported for wild-type MV 1IQ (7) . Therefore, the fluorescence labeling strategy had a modest impact on ATPase activity and no significant impact on in vitro motility.
Lever Arm Swing During the Recovery Stroke. We measured the kinetics of lever arm swing during the transition from the postpower stroke (post-PS) to prepower stroke (pre-PS) states (i.e., during the recovery stroke) with the MV-F.IAANS and MV-F.QSY constructs. FlAsH fluorescence was monitored after mixing 0.25 μM dually labeled MV with different concentrations of ATP. We interpret our results in the context of Scheme 2, which consists of the formation of a collision complex (K 1 ) followed by a transition into the weak actin-affinity state (K 2 ) and then a priming of the active site for ATP hydrolysis (K 3A ) and chemical hydrolysis (K 3B ). We observed an increase in FlAsH fluorescence in the FlAsH-QSY pair, whereas with the IAANS-FlAsH pair we observed a decrease in FlAsH fluorescence (Fig. 2 A and B, Inset) . The transients were best fit to a double exponential function. The fast and slow phases were plotted as a function of ATP concentration, and the fast phase was hyperbolically dependent on ATP concentration (Fig. 2 ) (see SI Appendix, Fig. S2 for single-turnover measurement). The amplitude of the slow phase was less than 10% of the total signal and was not characterized further (Fig. 2C) . The rates of the fast phase were fit to a hyperbola to obtain the maximum rate of the fluorescence change which we modeled to be the recovery stroke rate constant (k +3A ), where k +2 is fast (∼1,000·s
) and k -2 is very slow (8) . The recovery stroke rate constant was similar in the FlAsH-QSY (330 ± 7·s −1 (FlAsH-QSY) and 9 ± 4·s −1 (IAANS-FlAsH). To compare the recovery stroke rate constant to the well-characterized intrinsic tryptophan fluoresce signal (8), we measured the rate of ATP binding to unlabeled MV in a separate experiment. We mixed 0.5 μM of unlabeled MV with different concentrations of ATP and measured the enhancement in tryptophan fluorescence ( Fig. 2A) . The data were fit to a single exponential function, and the rates were plotted as a function of ATP concentration. The fit of the data to a hyperbolic function allowed determination of the maximal rate of the fluorescence change and/or formation of the active site conformation that is competent for ATP hydrolysis (k +3A = 332 ± 28·s
), which matches well with the recovery stroke rate constant. The results demonstrate that formation of the prepower stroke state (recovery stroke) is tightly coupled to formation of the hydrolysis competent state.
Lever Arm Swing During the Power Stroke. To measure the lever arm swing during the power stroke, a sequential mix, singleturnover setup was used. We mixed 0.15-0.25 μM of the dually labeled MV with 0.1-0.2 μM ATP which was held in the delay line for 10 s for hydrolysis to occur and then was mixed with different concentrations of actin. We found our results could be best interpreted in the context of Scheme 3. We observed a biphasic decrease in FlAsH fluorescence with the FlAsH-QSY pair and a biphasic increase with the IAANS-FlAsH pair ( Fig. 3 A and B, Insets). The rate of the fast phase was actin dependent, whereas the slow phase was independent of the actin concentration. The amplitudes of both phases were dependent on actin concentration, with the fast phase dominant at higher actin concentrations (Fig. 3C ). The rate of the fast phase was plotted as a function of actin concentration and fit to a hyperbolic function to determine the maximum rate of the fluorescence change or fast power stroke rate constant (k′ +4A ). The rate constant of the fast power stroke was determined to be 352 ± 33·s −1 (FlAsH-QSY) or 493 ± 119·s −1 (IAANS-FlAsH), whereas the average slow power A tetracysteine motif (CCPGCC) was inserted at the N terminus which is depicted by labeling (red) the N-terminal residue (E5). Two labeling sites on calmodulin, T110C and T5C, are shown by labeling the corresponding residue in the essential light chain. T110C was labeled with QSY-9, and T5C was labeled with the QSY-9 or IAANS probe. FlAsH acted as a donor in the QSY-9-labeled T110C or T5C constructs and as an acceptor in the IAANS-labeled T5C construct.
Scheme 2. Kinetic steps associated with the myosin recovery stroke.
stroke rate constant was 18 ± 9·s −1 (FlAsH-QSY) or 20 ± 13·s
With the MV-F.QSY N construct, the rate constant of the fast power stroke was 290 ± 64·s
, and the rate constant of the slow power stroke was 12 ± 3·s −1 (SI Appendix, S3 B and D). To put the lever arm swing into an overall perspective of the catalytic cycle and to gain insights into the controversy regarding the precise timing of the swing, we measured the rate of phosphate release with the MV-F.QSY construct. The phosphate release rate constant was measured by monitoring the enhancement of fluorescence upon binding of phosphate to the phosphate-binding protein (PBP) covalently labeled with N-[2-(1-maleimidyl)ethyl]-7-(diethylamino)coumarin-3-carboxamide (MDCC-PBP) (Fig. 3A) and was found to be slower (k′ +4B = 201 ± 11·s −1 ) than the fast power stroke and similar to previous studies (8) (9) (10) . Thus, we provide evidence with three different donor-acceptor pairs that the power stroke occurs in two steps, a fast power stroke (k′ +4A ) that occurs before phosphate release and a slower power stroke (k′ +5A ) that occurs after phosphate release. We supported our experimental conclusions by performing simulations to compare the rate constants of lever arm swing and Pi release in two different kinetic models. In one model the lever arm swing occurs before Pi release (model 1; see rate constants in SI Appendix, Table S5 ), and in another model the swing occurs concurrent with Pi release (model 2, with k′ +4 as a single step = 201·s −1 ). The fits of the transients at 2.5 μM, 5 μM, 10 μM, and 20 μM actin are shown for model 1 (SI Appendix, Fig. S4 ), and fits at 2.5 μM and 20 μM are shown for model 2 (SI Appendix, Fig. S4, Inset) . The transients fit well to model 1, in which the swing occurs before Pi release, but fit poorly to model 2.
Myosin binding to pyrene-labeled actin results in a fluorescence quenching that traditionally has been considered to measure a conformational change when myosin undergoes the transition from weak to strong actin binding (8) . We measured the rate of quenching of pyrene fluorescence upon mixing of MV-F.ADP.Pi with different concentrations of pyrene actin (SI Appendix, Fig. S5 ). A sequential mix setup was used wherein MV-F was mixed with 10 μM ATP, held in the delay line for 1 s, and then mixed with different concentrations of pyrene-actin. A similar experiment was performed in which excess ADP (0.5 mM) was present in the final mix to ensure single-turnover conditions. A decrease in pyrene fluorescence was observed which was fit to a single exponential in the absence of ADP or a double exponential in the presence of ADP. The rate of the fast phase was hyperbolically dependent on the pyrene-actin concentration and reached a maximum rate of 32 ± 4·s −1 , which was similar to previously published work (8, 11) . Although the structural change associated with the pyrene actin fluorescence signal has not been fully characterized (12, 13) , this step is slower than the fast power stroke rate constant.
Lever Arm Swing During ADP Binding and Release. Although previous studies of MV have well characterized the kinetics of the actomyosin.ADP states (8, 9, 14) , the movement of the lever arm during these steps is still unclear. Thus, we examined the FRET signal during ADP association and dissociation experiments and interpreted the results in the context of Scheme 3. To measure the rate of lever arm swing during ADP binding, the FRET signal was monitored after mixing acto-MV-F.QSY (0.25 μM MV; 0.5 μM actin) or acto-MV-F.IAANS (0.25 μM MV; 0.5 μM actin) with different concentrations of ADP. Upon ADP binding there was an increase in FlAsH fluorescence with the FlAsH-QSY construct (biphasic) and a decrease in the IAANS-FlAsH construct (SI Appendix, Fig. S6 A and B, Insets) . The relative amplitudes of the ADP binding-induced change in FRET were much smaller (10-15%) than the ATP-induced change in FRET (SI Appendix, Fig. S6C ). The fast phase was plotted as a function of ADP concentration and fit to a linear function, but the slow phase in MV-F.QSY was independent of ADP concentration (∼4·s −1 and relative amplitude of 50%). The slope of the linear fit was determined to be 7.2 ± 0.6 μM Fig. S6A ) and 7.8 ± 1.2 μM Fig. S6B ), which match well with the second-order rate constant for ADP binding to MV (k′ −5C ) measured by other methods, such as flourescently labeled ADP (8, 9, 14) . To measure the lever arm swing during the ADP release steps, a preequilibrated mixture of acto-MV-F.IAANS.ADP (0.5 μM actin, 0.25 μM MV, and 10 μM ADP) was mixed with KMg50 buffer (no chase). We observed an increase in FlAsH fluorescence that fit to a single exponential function (k obs = 33 ± 5·s
), which is slower than predicted (∼85·s
) based on k obs being the sum of the association and dissociation reaction (14) . This difference could be caused by off-pathway actomyosin.ADP states, which have been proposed (15) . To measure the rate constant of ADP isomerization (k′ +5B ) in ), which we determined is the rate-limiting isomerization of the nucleotide binding pocket (14) . Our overall interpretation of the kinetics of the structural changes associated with the actomyosin.ADP states is based on the sequential mix power stroke experiments and the ADP binding and dissociation experiments. We modeled the slow phase of the lever arm swing (k′ +5A ∼ 20·s −1 ) to be a step before the ADP isomerization step (k′ +5B ) (14) . We reasoned that because the slow power stroke is threefold faster than the ADP-isomerization step, the slow power stroke must occur before the isomerization.
Structural States of the Lever Arm Monitored with Time-Resolved
FRET. We determined the distribution of structural states under equilibrium conditions detected by time-resolved (TR) FRET between the FlAsH-QSY probe pair. The mole fraction that participated in FRET was 0.66, which is consistent with the fraction of CaM labeled with QSY (0.75). The global analysis of the TR-FRET data fit well to a model described in SI Appendix, Supplemental Methods in which there are two structural states, the prepower stroke state with a longer distance (66 ± 2 Å), and a postpower stroke state with a shorter distance (37 ± 9 Å) (SI Appendix, Figs. S7-S10 and Table S2 ). The postpower stroke state demonstrated a wider distance distribution, suggesting that the lever arm is more dynamic in this state (Fig. 4) . In the presence of saturating ATP (1 mM) the mole fraction of the prepower stroke state was favored (0.575 compared with 0.425 for the postpower stroke). The calculated equilibrium constant between the pre-and postpower stroke states in the presence of ATP (K eq = 1.35) was similar to that measured by rapid quench studies (8) . In contrast, in the absence of nucleotide (Apo) and in the presence of ADP the postpower stroke state was favored, especially in the presence of actin (nearly 100% postpower stroke in rigor and ADP). There is no crystal structure of MV in the prepower stroke state, but we generated a structural model by aligning the Apo MV structure (16) and the prepower stroke structure of smooth muscle myosin in the presence of ADP.BeF X (SI Appendix, Fig. S11 ) (17) . We found that the predicted distance change in the probe positions between the Apo and prepower stroke states (27 Å) was similar to the distance change we determined by FRET (20 Å). A previous FRET study examined the distance between a probe on the regulatory light chain and another probe near the nucleotide-binding pocket in Dictyostelium myosin II and found evidence for three nucleotide-dependent conformations of the lever arm, but these results were fit to a discrete distance model (reported distances of 20, 43, and 79 Å) instead of to a distance distribution model (18) . It is possible that changes in probe orientation could account for the observed FRET changes, especially with the N-terminal FlAsH probe which is bifunctionally bound to the tetracysteine site. However, our measurements of time-resolved fluorescence anisotropy (SI Appendix, Tables S3 and S4) showed that the probe dynamics do not change with actin or nucleotide binding; thus the changes in FRET and the detected distance distributions likely reflect changes in , and the average rate of the slow phase was 18 ± 9·s
. For the IAANS-FlAsH construct in B, the maximum rate of the fast phase was 493 ± 119·s
, and the average rate of the slow phase was 20 ± 13·s Table S2 ). Dotted lines correspond to the distances determined in the crystal structure of the preand postpower stroke states, respectively, as shown in SI Appendix, Fig. S11 .
interprobe distance and not in probe orientation. Although the distance changes observed could result from changes in the N-terminal region, we favor the interpretation that our results reflect movement of the light chain-binding region without major rearrangements of the N-terminal region. However, structural changes in the N-terminal region have been reported in different myosins. A recent crystal structure of myosin VI demonstrates that the N-terminal region forms important interactions with the converter to stabilize the position of the lever arm (19) . In addition, a structure of myosin Ib demonstrates that an N-terminal extension makes contact with the lever arm helix and stabilizes the postpower stroke state; however, this extension is not present in MV (20) . There is little evidence of major structural changes in the N-terminal region of MV as a function of nucleotide state, and examination of the flexibility of the region with computation modeling found similar rmsd values for the ADP (1W7I, 5.27 Å), ADP-BeF X (1W7J, 4.71 Å), and Apo (1OE9, 6.78 Å) (the Protein Data Bank ID code and rmds are given in parentheses, respectively, for each structure) (11). Discussion ATP binding followed by hydrolysis and the subsequent actin-activated product release drives a reversible movement of the lever arm region in myosin motors. For decades researchers have investigated the temporal kinetics of how structural changes in myosin and force generation are correlated with the product release steps (2, 5) . Before this study, a number of investigators attempted to measure the kinetics of lever arm swing in solution studies by using indirect methods. Monitoring the conformation of the relay helix, a structural element that couples the nucleotide binding and the lever arm regions, has been a method of choice. Either by monitoring the fluorescence of a conserved tryptophan at the distal end of relay helix (21, 22) or by using strategically placed FRET probes (23) (24) (25) , the bent and straight conformation of the relay helix has been correlated to the pre-and postpower stroke states of the lever arm, respectively. We measured the structural kinetics of the lever arm swing directly in comparison with the rates of ATP binding and product release by using three donor-acceptor pairs in an MV construct. We circumvented the use of any nonnative fluorescent fusion proteins and used chromophore-labeled CaM bound to the lever arm domain.
Recovery Stroke. Studies based on transient TR-FRET of the relay helix have shown that the recovery stroke occurs after ATP binding (24) . We demonstrate that the lever arm swings from the postpower stroke to the prepower stroke state upon formation of the hydrolysis-competent state (k +3A ) (shown in bold in Scheme 2). The rate of formation of the hydrolysis-competent state monitored by enhancement of tryptophan fluorescence closely matches the maximal rate of lever arm swing during the recovery stroke. The rate constants determined from the tryptophan fluorescence signal and chemical hydrolysis were found to be similar in MV (8), suggesting that this signal monitors the formation of the hydrolysiscompetent state. The TR-FRET studies demonstrate that the lever arm populates a wider distribution of distances in the postpower stroke state than in the prepower stroke state (23, 25) ; these results are similar to those of the structural studies of the relay helix and suggest structural coupling between the relay helix and lever arm. Our results support the conclusion that the recovery stroke occurs at the same rate as the conformational change in the relay helix that precedes ATP hydrolysis. Thus, the recovery stroke is associated with the priming of the switch elements into a closed state for efficient hydrolysis of the ATP molecule.
Power Stroke. We measured the kinetics of the primary forcegenerating steps of the actomyosin ATPase cycle with our system and compared it to the rate of actin-activated phosphate release. The maximal rate constant of the fast phase of lever arm swing with both constructs (MV-F.IAANS = 493 ± 119·s −1 and MV-F. QSY = 352 ± 33·s −1 ) was faster than the Pi release rate constant
). This result demonstrates that the lever arm swings to generate force after actin binding and before Pi release. During this first step of the power stroke (K′ 4A ), the lever arm transitions from a prepower stroke state to an intermediate state (shown in bold in Scheme 3). A similar conclusion was obtained by measuring the bent-to-straight position of the relay helix in Dictyostelium myosin II, although the intermediate state was not observed (23) . Therefore, the results suggest that the movement of the relay helix and the lever arm are closely coupled during the power stroke. Several studies based on muscle fiber or myofibril mechanics suggest a model wherein the force-generation step precedes the release of Pi from the active site (26) (27) (28) (29) (30) . Alternatively, Llinas et al. (19) recently reported a crystal structure of myosin VI that contains Pi in the back-door tunnel while the lever arm is in a prepower stroke state. However, it is possible that the power stroke occurs when Pi is still in the tunnel, but the actual release of phosphate into solution is slower. Single-molecule studies have provided significant insight into the force-generating mechanism. Although it is difficult to measure the working stroke and Pi release simultaneously in a single-molecule setup (31), a study by Capitanio et al. (32) provides enhanced time resolution. The results suggest that the working stroke occurs within an interval of 2 ms after the initial binding of skeletal muscle myosin to actin. This study provides evidence of a fast power stroke that may precede Pi release, because in skeletal muscle myosin Pi release is relatively slow [50-100·s −1 at 25°C and low ionic strength (33, 34) ]. There have been reports based on single-molecule studies that demonstrate the reversibility of the power stroke and actomyosin detachment in the presence of high Pi concentrations and load (35, 36) . Takagi et al. (30) concluded the power stroke occurs before Pi release because in the presence of an isometric force clamp only shorter events (20-40 ms) were sensitive to power stroke reversal induced by Pi binding and load. A study by Debold et al. (36) proposes a model in which the power stroke is completed before Pi release and Pi can bind to the AM.ADP state and dissociate it from actin. Overall, our results support a model in which the lever arm swing plays a role in gating Pi release, as is consistent with the hypothesis that actin dramatically accelerates the rate of lever arm swing and thus Pi release. If we assume that the power stroke gates Pi release in the absence of actin and that this step is rate-limiting, then the actin-induced acceleration is ∼20,000-fold. Different isoforms of myosins may have finetuned the rate of this force-generating swing, which regulates the release of Pi and in turn provides the characteristic functional property inherent to the isoform. Although our data are consistent with the hypothesis that the lever arm swing gates Pi release, it is likely that another conformational change after the fast power stroke limits Pi release. Our kinetic simulations are best fit by a model (shown in bold in Scheme 3) in which the lever arm swing precedes Pi release (SI Appendix, Fig. S4 ), but because the rate constants differ by less than a factor of two, the rate constants observed at lower actin concentrations are fairly similar.
Power Stroke Associated with the Actomyosin.ADP States. We observe a biphasic change in fluorescence during the lever arm swing upon actin-activated product release with all constructs. Following a fast swing of the lever arm and after Pi release, a slower conformational change (MV-F.IAANS = 20 ± 13·s −1 and MV-F.QSY = 18 ± 9·s −1 ) was observed. We propose that these rates are associated with a transition from an intermediate to a postpower stroke lever arm during the transition between actomyosin.ADP states (shown in bold in Scheme 3). As hypothesized by Sleep and Hutton (37), a conformational state exists in the catalytic cycle of myosin which is found after Pi release but before ADP release (AM*ADP), and this state is not populated upon adding ADP to the rigor complex (37) . We have previously shown that the transition from the strongly to weakly bound actomyosin.ADP state (ADP-isomerization or k′ 5B ) is the rate-limiting step of the ATPase cycle of MV (14) . The rate of the lever arm swing that we observe here with all constructs is faster than the ADP isomerization (k′ 5B ). This finding suggests that the actomyosin.ADP-associated swing of the lever arm occurs (k′ 5A ) before the ADP isomerization. The biphasic power stroke has been reported earlier in single-molecule studies of myosins I, II, and V (38, 39) . Veigel et al. (40) propose a model wherein a 5-nm working stroke occurs in dimeric MV in the actomyosin.ADP states and that this stroke acts as a gate to relieve the strain that is generated by the binding of both heads to the actin filament. The second swing of the lever arm associated with the actomyosin.ADP state is hypothesized to be strain sensitive (41) and may alter the release rates of ADP from the nucleotide-binding pocket. We observed a relatively small fluorescence change during the ADP association and dissociation experiments (SI Appendix, Fig. S6 ) suggesting only small structural changes in the lever arm during these biochemical steps (K 5B and K 5C ); this observation agrees well with our TR-FRET results (SI Appendix, Table S2 ). We have developed a model of the key conformational changes in the actomyosin ATPase cycle based on the available biochemical and structural data (SI Appendix, Fig. S12 ). MV complexed with ADP and Pi binds actin in the weak-binding state; this binding is followed by a rapid conformational change in the actin-binding region to allow attachment to actin (K 9 ) (11). Formation of the actomyosin complex leads to the rapid first step of the working stroke (K′ 4A ) followed by Pi release (K′ 4B ). The lever arm then undergoes a second swing (K′ 5A ) followed by the ADP isomerization (K′ 5B ) and an eventual release of ADP (K′ 5C ).
Conclusions
We demonstrate that actin activates a rapid movement of the lever arm (the myosin power stroke) before Pi release, providing evidence about the coordination of Pi release and force generation which has been a major controversy in the field of actomyosin-based motility for many years. Our results fit in well with proposed models that suggest actin binding enhances the rate of the lever arm swing, which kinetically drives the flux of myosin through a productive force-generating pathway as opposed to a futile cycle (5) . Additional studies are necessary to assess the structural details of the allosteric pathway associated with actin activation of lever arm movement. Our results also are consistent with a model in which one directional motion is driven by alternating mechanical and chemical steps (30) . In this model the chemical step provides the thermodynamic driving force which is gated by the preceding conformational change. In future studies it will be important to address how external load impacts the coordination between the lever arm swing and other steps in the myosin catalytic cycle.
Methods
Expression, purification, and labeling of MV were performed as described previously (42, 43) . Additional information on methods is provided in SI Appendix, Supplemental Methods.
